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A ROTOR FOR A PERMANENT-MAGNET ELECTRICAL MACHINE AND A 
METHOD FOR MANUFACTURING IT 

The object of the invention is a rotor for a permanent-magnet electrical machine 
according to the introduction part of claim 1. The object of the invention also includes a 
5 method for manufacturing a rotor according to the introduction part of claim 1 1 . 

The breakaway torque of an electrical machine is proportional to the air gap flux and the 
armature circuit current. It is essential for the operation of the machine that the 
breakaway torque must be uniform in all load conditions. The air gap flux induces a 
current in the armature circuit, used for measuring feedback quantities required for 

10 machine control. The quantities under measurement must be accurate and free of 
interference. The position of a rotor in a permanent-magnet electrical machine, such as a 
permanent-magnet synchronous machine controlled by a frequency converter, is often 
calculated on the basis of the stator current. In this case, it is essential for operational 
reliability that the current must be free of interference. Incorrect or uncertain feedback 

15 information will interfere with the control logic and the control of switches in the 
frequency converters. 

The aim is to make the air gap flux in an AC machine or a similar electrical machine to 
be as accurately sinusoidal as possible. It is well known that this is hampered by issues 
such as slot harmonics caused by windings and disturbance factors due to the location of 

20 magnets and the shape of permanent-magnet poles. Permanent-magnet poles have been 
shaped by placing the permanent magnets appropriately and designing a suitable shape 
for the sheet pack that forms the magnet circuit of the rotor. For example, a solution is 
known from the patent application EP 0955714 where the outer circumference of a 
permanent-magnet rotor has a shape that causes the air gap width to vary sinusoidally 

25 within the pole area so that the air gap is at its minimum at the centre of the pole and 
increases towards the edges of the pole. The disadvantage of this functional solution is 
that it causes manufacturing problems in large and slow machines with a large rotor 
diameter and several pairs of poles, for example 12 poles. 

A solution is also known, for example from the publication JP 2001-037127, where the 
30 air gap flux is controlled by means of radial slots in the rotor sheet pack, intended to 
direct the magnetic flux into the air gap with a distribution that is as sinusoidal as 
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possible. However, slots that extend almost to the outer circumference of the rotor do not 
guarantee an air gap flux that would change smoothly, in a sinusoidal form. 

The purpose of this invention is to create a new permanent-magnet motor that would be 
economical to manufacture for all dimensioning requirements and that would achieve an 

5 air gap smoothly following a sinusoidal form. In order to achieve this, the rotor 
according to the invention is characterised by the features specified in the characteristics 
section of claim 1. Correspondingly, the method according to the invention is 
characterised by the features specified in the characteristics section of claim 11. Other 
preferred embodiments of the invention are characterised by the features listed in the 

1 0 dependent claims. 

The variation of the air gap flux in a solution according to the invention essentially 
follows a sinusoidal form. The sinusoidality of the air gap flux in rotors with a large 
diameter and several poles can also be ensured by a means that is economical in terms of 
manufacturing technology. It is sufficient to die-cut or laser-cut appropriate slots in the 
1 5 rotor sheets, eliminating the need for shaping the outer circumference of the rotor which 
is challenging in terms of manufacturing technology. The solution according to the 
invention keeps the air gap flux essentially sinusoidal also in load conditions. 

The invention provides a preferred implementation particularly in terms of 
manufacturing technology. In addition, the invention is applicable as such to electrical 
20 machines of different sizes and types. 

The fundamental idea of the invention is based on modifying the effective air gap 
without actually changing the structure that forms the air gap in the machine - that is, 
the outer circumference of the rotor or the inner circumference of the stator. The 
structure according to the solution has only a minor effect on the distribution of 
25 magnetic flux within the rotor sheet pack, because in the direction of the flux lines, the 
slots present a break perpendicular to the short flux line which will not disrupt the flux 
lines. 

According to an embodiment of the invention, the slots in the rotor are located at a 
distance from the outer circumference of the rotor pack. According to another 
30 embodiment, the permanent magnets are positioned in a V shape so that the magnets 
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extend to the vicinity of the outer circumference of the rotor and that the magnets 
forming a single pole are closer to each other at the axle end than at the outer 
circumference end. 

According to yet another embodiment, the slot extends from the edge of the pole 
5 towards the centre of the pole, essentially parallel with the outer circumference of the 
rotor. 

According to a preferred embodiment, the width of the slot in the rotor sheet pack 
decreases in the radial direction of the rotor towards the centre of the rotor magnetic 
pole. Thus the effective air gap is increased to essentially correspond to a sinusoidally 
1 0 changing air gap width. 

According to an embodiment, the slots are curved at the centre of the pole from the outer 
circumference of the rotor towards the axle. Manufacturing technology does not allow 
the manufacture of very narrow slots, such as ones narrower than 0.5 mm, and for this 
reason, sinusoidality at the centre of the pole is further ensured by increasing the 
15 distance between the additional air gap and the actual air gap. Thus the flux becomes 
curved in a way that optimises the distribution in the air gap. 

According to an embodiment, the slot extends from the edge of the pole essentially 
towards the centre of the pole on the outer circumference of the rotor. In this case the 
distance between the slot and the air gap may be larger but the slot is still essentially 

20 perpendicular to the flux direction and, in this embodiment as well, the effect of 
increased air gap is directed towards the edges of the pole rather than the centre, which 
makes it possible to achieve a sinusoidal form. This embodiment is particularly 
applicable to die-cut manufacturing, because the slot may be larger and its shape is 
regular. However, the effect of the slot on air gap flux distribution is appropriately 

25 reduced by the fact that the slot is at a larger distance from the air gap. 

According to a preferred embodiment, several slots are arranged to extend from both 
edges of the pole towards the centre of the pole, so that the effective increase in air gap 
is composed of several slots. In addition, the slots at the same edge of the pole are 
located at intervals from each other in the radial direction of the rotor and at least one 
30 slot at both edges of the pole is essentially parallel with the outer circumference of the 
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rotor. This is particularly applicable to laser cutting technique where it is preferred to 
make slots of a limited width, such as slots in the range of 0.5 to 1 .5 mm. 

According to a further developed embodiment, the slots closer to the outer 
circumference of the rotor are wider and/or longer than the slots farther away from the 
5 outer circumference of the rotor. 

According to yet another embodiment, the permanent magnets are located on the surface 
of the outer circumference of the rotor and the slots are arranged inside the rotor at the 
positions of the permanent magnets in terms of the radial direction of the rotor. 



10 According to yet another embodiment, the ridge between the magnet and the air gap is 
increased at the edge of the pole. In this case, the magnetic flux will close to the pole 
beside the ridge, making the air gap flux density between the poles essentially zero. 

In the following, the invention will be described in detail with the help of certain 
embodiments by referring to the enclosed drawings, where 

15 - Figure 1 illustrates the cross section of a rotor according to the invention, 

Figure 2 illustrates the cross section of a rotor according to a second embodiment of 
the invention, 

Figure 3 illustrates the cross section of a rotor according to a third embodiment of 
the invention, 

20 - Figure 4 illustrates the cross section of a rotor according to a fourth embodiment of 
the invention, 

- Figure 5 illustrates the cross section of a rotor according to a fifth embodiment of the 
invention, 

- Figure 6 illustrates the cross section of a rotor according to a sixth embodiment of 
25 the invention. 
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The Figures 1 to 5 illustrate a solution according to the invention in a permanent-magnet 
synchronous machine 2, where the magnets are embedded within the rotor. The machine 
is illustrated as a cross-sectional view in the axle direction, and the Figures contain 
identical reference numbers for parts corresponding to each other. The machine 
5 according to the example includes twelve magnetic poles; for clarity, only a sector 
illustrating a single pole is included here. The other poles are implemented similarly, 
with the exception that the magnetic pole alternates in a known way such that every 
other pole is an N pole and every other pole is a S pole. The rotor 4 in the machine 2 is 
assembled of magnetically conductive sheets, and the resulting rotor pack is adapted to 
10 the axle 6 of the machine. The rotor sheets contain slots 8 made by die-cutting, for 
example, and permanent magnet elements 10 are located in the slots. The permanent 
magnets are arranged in a V shape so that the magnets on both sides of a single pole 9 
are close to each other in the rotor section towards the axle and essentially at the edges 
of the magnetic pole 9 in the vicinity of the outer circumference of the rotor. The outer 
15 circumference 3 of the rotor is essentially cylindrical. Even though the Figures 1 to 5 
show a magnetic pole formed of two magnets in a V shape, the magnetic pole can be 
formed in many other ways in applications of the present invention. For example, there 
may be two magnets radially located at the edges of the pole, leaving the bottom of the 
"V" open in a sense, or the pole may be formed of three magnets, two at the edges of the 
20 pole and one between these, parallel with the outer circumference of the rotor. 
Furthermore, the permanent magnets may form a W shape or there may be several 
permanent magnets arranged in a sequence. 

The stator 14 of the machine is formed of magnetically conductive sheets where grooves 
16 have been cut for stator windings (not shown). As shown in Figure 1, the magnetic 

25 flux closes through the route illustrated by the flux lines 1 8 : rotor magnet 1 0 - rotor pole 
9 - air gap 1 1- stator teeth 20 - stator back 22 and further (not shown) the stator teeth 
located at an adjacent pole - air gap - another rotor pole - another rotor magnet - rotor 
back 13 — rotor magnet 10. The magnetic flux lines tend to bend in the air gap so that the 
magnetic flux density in the air gap deviates from sinusoidal form. This is affected by 

30 magnet locations, route of flux in the teeth and stray fluxes. One method of changing the 
air gap flux to a more sinusoidal direction is modifying the rotor generator. For example, 
in the solution described in the patent application EP 0955714, the outer circumference 
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of the rotor is arranged so that the air gap is at its minimum at the centre of the pole and 
at its maximum at the edges of the pole. 

In the embodiment illustrated in Figure 1, the rotor pole contains slots 24 essentially 
parallel with the outer circumference of the rotor, extending from the edges of the pole 

5 towards the centre of the pole so that the slot is widest at the edge of the pole. The slot 
becomes narrower towards the centre of the pole, and its length in the direction of the 
outer circumference is approximately one-third of the pole width. The slot, whose width 
is approximately 1.5 millimetres at its minimum, can be created by die-cutting the sheets 
forming the rotor pack before assembling the pack. When the slot is near the air gap of 

10 the machine, its effect on the distribution of the air gap flux is almost similar to the 
shape of the outer circumference of the rotor. The slots are arranged symmetrically on 
both edges of the pole. 

Because the width of the slot cannot evenly decrease to zero, there is a slotless section at 
the centre of the pole with a width of approximately one-third of total pole width, 
15 causing a deviation from sinusoidal form in the distribution of air gap flux. This effect is 
reduced by the solution illustrated in Figure 2, where the slots 26 have been die-cut so 
that they curve towards the centre of the rotor when moving towards the centre of the 
pole. 

For mechanical reasons the thickness of the rotor sheet pack must be sufficient on the 
20 edge of the pole at the location of the ridge 28 between the magnet and the air gap, for 
which reason the slot may not extend to the actual edge of the pole. In this case, the 
distribution of the air gap flux tends to deviate from sinusoidal form. To solve this 
problem, the embodiment illustrated in Figure 3, which contains a slot 29 at a distance 
from the end of the permanent magnet, has a ridge 30 between the rotor poles so large 
25 that the flux goes directly to the adjacent pole, not to the stator teeth and the stator 
windings fitted in the grooves between them. In this case, the voltage induced in the 
stator winding varies essentially sinusoidally. 

According to a fourth embodiment, as illustrated in Figure 4, the rotor contains several 
slots 32 arranged sequentially in the flux direction - that is, the radial direction of the 
30 rotor. The slots preferably become narrower from the edges of the pole towards the 
centre. The slots are also curved towards the rotor axle, so that the distance from the 
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slots to the outer circumference of the rotor, and thus to the air gap of the machine, 
becomes larger when moving away from the edge of the pole. In this embodiment the 
width of the slots may be smaller than in the example illustrated in Figure 1, so that 
laser-cutting is a suitable method for making the slots. The distribution of the flux close 
5 to the air gap can be fine-tuned by increasing the curvature of one or more slots, which 
has a corresponding effect on the air gap flux. 

The idea of the present invention is that the route of the magnetic flux contains slots in 
the rotor and the flux must go over these slots. As described in connection with the 
embodiments illustrated in Figures 1 to 4, the effect on air gap flux distribution is larger 

10 if the slot is closer to the air gap and if it is wider - that is, the effect is proportional to 
the length of the air gap formed by the slot in the direction of the flux. In the 
embodiment illustrated in Figure 5, the slots are arranged so that they steer the flux 
inside the iron part of the pole at a distance from the air gap. Thus the slots are arranged 
to extend from essentially close to the permanent magnet element towards the centre of 

15 the pole in the air gap. The first slot 51 in particular extends from the air gap end of the 
permanent magnet element almost parallel with the outer circumference of the rotor. The 
second slot 52 extends from the side of the permanent magnet element, at a distance of 
approximately one-fifth of the element length, towards the air gap at one-sixth of the 
pole. The third slot 53 extends from the middle of the permanent magnet element 

20 towards the intersection of approximately one-third of the pole and the air gap. 

Figure 6 illustrates an embodiment where the invention is applied to a motor with 
magnets on the surface of the rotor, a so-called surface magnet solution. The rotor 61 is 
built of sheets die-cut to a circular form, for example, and permanent magnets 62 are 
fitted on the outer circumference 3 of the rotor. In order to control the air gap flux, the 

25 rotor contains slots 63, for example die-cut in the sheets before assembly, so that at the 
edges of the pole, the slots are close to the permanent magnets, and the dimension of the 
slots in the direction of the magnetic flux lines - that is, perpendicular to the permanent 
magnet - is larger at the edges of the pole than at the end of the slot towards the centre 
of the poie. Because the magnetic flux seeks the shortest route for closure, the magnetic 

30 flux density decreases at the edges of the permanent magnets and the air gap flux 
becomes closer to sinusoidal form. Particularly in this embodiment the back section 13 
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8 

of the rotor may be made of solid iron, in which case the slots can be made by drilling 
appropriate axial holes in the rotor. 

In the above, the invention has been described with the help of certain embodiments. 
However, the description should not restrict the scope of patent protection, but the 
5 embodiments may vary within the framework of the claims presented below. 
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CLAIMS 

1. A rotor (4) for a permanent-magnet electrical machine, comprising an axle (6) 
mounted to the machine body with bearings, a rotor pack made of iron and arranged 
around the axle (6), as well as permanent magnets (10) adapted to the rotor pack, used 

5 for forming the magnetic poles (9) of the rotor so that the magnetic flux density is at its 
maximum at the centre of the pole and decreases towards the edges of the pole, 
characterised in that there are slots (24,26,32) in the rotor poles (9) on the route of the 
magnetic flux so that at least one slot (24,26,32) extends from both edges of the pole (9) 
essentially towards its centre and that the slot (24,26,32) is closer to the outer 
1 0 circumference (3) of the rotor than the central axle of the rotor. 

2. A rotor according to claim 1, characterised in that the slots (24,26,32) are located at a 
distance from the outer circumference (3) of the rotor. 

3. A rotor according to claim 1 or 2, characterised in that the permanent magnets (10) 
are arranged in a V shape so that the magnets (10) extend to the vicinity of the outer 

15 cfrcumference (3) of the rotor and that the magnets (10) forming a single pole (9) are 
closer to each other at the end towards the axle (6) than at the end towards the outer 
circumference (3). 

4. A rotor according to any of the claims 1 to 3, characterised in that the slot (24) 
extends from the edge of the pole (9) towards the centre of the pole (9) essentially 

20 parallel with the outer circumference (3) of the rotor. 

5. A rotor according to any of the claims 1 to 4, characterised in that the width of the 
slot (24) decreases towards the centre of the pole (9). 

6. A rotor according to any of the claims 1 to 5, characterised in that the end of the slot 
(26) located towards the centre of the pole is curved towards the axle. 

25 7. A rotor according to any of the claims 1 to 3, characterised in that the slot (24,26,51) 
extends from the edge of the pole essentially towards the centre of the pole on the outer 
circumference of the rotor. 
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8. A rotor according to any of the claims 1 to 7, characterised in that there are several 
slots (32,51,52,53) extending from both edges of the pole towards the centre of the pole, 
so that the slots on the same edge of the pole are located at an interval from each other in 
the radial direction of the rotor and that at least one slot (32,51) on both edges of the 

5 pole is essentially parallel with the outer ckcumference of the rotor. 

9. An arrangement according to any of the claims 1 to 8 3 characterised in that the slots 
(32,51) closer to the outer circumference (3) of the rotor are wider and/or longer than the 
slots farther away from the outer circumference (3) of the rotor. 

10. A rotor according to claim 1, characterised in that the permanent magnets (62) are 
10 located on the surface of the outer circumference (3) of the rotor and that the slots (63) 

are arranged inside the rotor at the positions of the permanent magnets (62) in terms of 
the radial direction of the rotor. 

11. A method for manufacturing a permanent-magnet electrical machine so that the air 
gap flux has a sinusoidal form, said electrical machine comprising an axle (6) mounted 

15 to the machine body with bearings, with said method comprising the arrangement of 
rotor poles (9) around the axle (6), said poles made of magnetically conductive iron (13) 
and permanent magnets (10) adapted to it, characterised in that there are axial slots 
(24,26,32) in the rotor, essentially extending from the edge of the pole towards its centre. 

12. A method according to claim 11, characterised in that the slots (24,26,32) are made 
20 by die-cutting. 

13. A method according to claim 11, characterised in that the slots (24,26,32) are made 
using a laser. 

14. A method according to claim 11, characterised in that the slots (63) are made by 
drilling axial holes in the rotor. 
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